A new method was proposed for replicating snow crystals that uses light-curing resin containing no harmful substances, as the replicating material, and the 3D reproduction of a snow crystal by stereolithography was conducted. It was found that a UV light irradiation density of at least 0.6 mW/cm 2 was required to complete the light-hardening reaction within 15 min when polyene/polythiol resin (NOA81) was used as the light-curing resin. When the atmospheric temperature was 0 °C, the maximum temperature rise due to the light-hardening reaction was 4.2 °C at an irradiation density of 1.0 mW/cm 2 . This suggests that the initial temperature of the light-curing resin must be approximately -5 °C to prevent the snow crystal from melting when an irradiation density of 1.0 mW/cm 2 is applied at an atmospheric temperature of below 0 °C. This replication method has sufficient accuracy to reconstruct the 3D shape of a snow crystal. The 3D reproduction of a snow crystal by stereolithography was conducted by transforming the CSV-formatted 3D profile height data to STL-formatted CAD data.
Introduction
The observation of fallen snow crystals has been performed by microscopy (1) (2) (3) , and it was clarified that various types of snow crystals, such as needle, hexagonal plate, and dendrite types, are formed in the temperature range from 0 °C to -20 °C. The shapes of snow crystals are categorized in terms of the temperature and humidity of the atmosphere (4) .
However, information obtained from microscopy is limited to plenary information, i.e., two-dimensional information, whereas three-dimensional (3D) information including profile heights has been acquired by drawing a 3D image visually obtained from microscopy. Rango et al. (5) , for example, observed snow crystals using a low-temperature scanning electron microscope and recorded the stereo images onto photographs. Stereo-paired microscopy has been popularized as an effective means of acquiring virtual 3D images in many fields, but the construction of 3D profile heights from a stereo-paired image is time-consuming work and the construction accuracy is poor for an intricate profile such as that of a snow crystal. The method of snow crystal replication developed by Schaefer in 1941 (6) is a convenient means of permanently preserving the shape of a snow crystal at room temperature, and the 3D profile of the snow crystal can be measured using a profilometer. In this method (6) , snow crystals are collected on the surface of a plastic solution and a volatile solvent included in the solution is evaporated in a cold and dry environment. However, the volatile solvents suitable for snow crystal replication are carcinogenic, poisonous, or ozone-depleting substances; therefore, this method is not in wide spread use. With this environmental background, the development of a sophisticated method for replicating snow crystals and measuring their 3D profiles is expected to promote the study of snow crystal growth mechanisms using crystallographic methods. In this paper, a new method is proposed for replicating snow crystals using a light-curing resin containing no harmful substances, as the replicating material, and the 3D reproduction of a snow crystal by stereolithography is reported.
Experimental Methods

Replication of a snow crystal
In the case of snow crystal replication using a plastic solution, the liquid replica must be kept in a cold and dry chamber to promote the volatilization of the solvent and to avoid the melting of the snow crystal, resulting in it taking over 6 h for the solidification. Another problem is that a secondary condensed snow crystal may become attached on the replica during the solidification process (7) . In this study, a light-curing resin is considered as an alternative to a plastic solution, and the possibility of shortening the solidification time, i.e., hardening time, is examined. Figure 1 illustrates the proposed method for replicating snow crystals. First, a light-curing resin is smeared uniformly on a glass plate (a), and the glass plate is exposed to the atmosphere to collect a snow crystal (b). Next, a fluorescent light or a UV light is irradiated on the light-curing resin to solidify and harden the resin before the collected snow crystal begins to melt (c). These processes are carried out outdoors at a low atmospheric temperature. After the hardening of the light-curing resin, the replica is brought into a warm room and the snow crystal melts, evaporates and disappears in air (d). During the entire hardening process (c), the snow crystal floats on the liquid light-curing resin; therefore, one side of the snow crystal is replicated in the light-curing resin.
Because the temperature of the light-curing resin rises during the hardening process (c), the initial temperature of the glass plate and the light-curing resin in step (a) must be lower than 0 °C. For example, if the expected temperature rise is 5 °C, the initial temperature should be lower than -5 °C. The temperature rise depends on the light-curing resin and the irradiation conditions. Light-curing resins are categorized into two types (8) , those hardened by visual light irradiation and those hardened by UV light irradiation. The wavelengths of visual light are longer than those of UV light, resulting in a greater penetration depth of the light and greater thickness of the light-cured layer than those obtained by UV light irradiation. However, the irradiation energy of visual light is about half that of UV light; therefore, a longer hardening time is required for the former. The low energy of visual light has another disadvantage that the radicals that cause light hardening are trapped by oxygen in the atmosphere, resulting in reduced ability to harden the surface of the light-curing resin (8) .
In the case of UV light irradiation, the penetration depth is limited to several millimeters owing to its irradiation power being lower than that of visual light, but no deterioration of light-hardening ability occurs as a result of the trapping of radicals.
The key point in snow crystal replication is rapid processing, namely, the light-hardening reaction should be completed as quickly as possible. Also, the exposure of light-curing resin to the atmosphere is unavoidable when the replication method shown in Fig.1 is adopted. A thickness of 1 mm for the light-cured layer is more than sufficient for replication because the thickness of a snow crystal is about 0.1 mm. Taking these points into consideration, a light-curing resin that is hardened by UV light irradiation was selected as the material for snow crystal replication. The specifications of the light-curing resin are listed in Table 1 . The light-curing resin, NOA81, is used as a transparent adhesive for glass and metals, and its main ingredients are polyene and polythiol. Fig.1 Replication of a snow crystal using a light-curing resin 
Characteristics of light-curing resin
The light-hardening reaction of the light-curing resin generates heat, whose calorific value is markedly affected by the ingredients of the light-curing resin and the irradiation density of the light. When a snow crystal is replicated by the light-hardening reaction, it is essential to select irradiation conditions such that the temperature of the light-curing resin does not exceed 0 °C during the light-hardening process, which is the melting temperature of snow. A thermocouple was used to evaluate the temperature rise of NOA81. Figure 2 illustrates the experimental setup. Twenty microliters of NOA81 resin, which is the same quantity as that used in the snow collection process, is smeared on the glass plate used for the collection of the snow crystal, and a K-type thermocouple is placed on the surface on which the snow crystal falls. The UV light irradiation density is given in Table 1 .
It was reported (9) that the temperature rise due to a light-hardening reaction depends on the initial temperature of the light-curing resin; for example, at a temperature of -50 °C, the ingredients of the light-curing resin only partly crystallize, resulting in a smaller temperature rise than that at room temperature. In the replication of a snow crystal, a lower temperature rise results in a more favorable collection condition; therefore, the experiments were performed in a chamber whose temperature can be controlled within ±0.5°C to investigate the effect of temperature on the light-hardening characteristics. The viscosity of the light-curing resin, which changes with temperature and for which a high viscosity, i.e., a low fluidity, results in the deterioration of replication accuracy, was measured at various room temperatures by the line spread method (10) .
To evaluate the replication accuracy of the light-hardening process, a metal-surface roughness scale for contact probe profilometer (E-MC-S10A, TOKYO SEIMITSU CO., LTD.) was selected as the replication target in light-hardening experiments. 
3D reproduction of a snow crystal
The specifications of the stereolithography machine used in the 3D reproduction of the snow crystal are listed in Table 2 . The diameter of the beam spot is 0.7 mm and the controllable minimum thickness of the light-curing resin is 0.1 mm. The light-curing resin used in the stereolithography is an epoxy type (SOMOS8110) (11) , the mechanical properties of which are similar to those of polyethylene. The 3D profile heights of the obtained snow crystal replica were measured using a confocal laser scanning microscope (LSM; Keyence Corporation, VK-9700/9710). The measurement accuracy of the LSM was 14 nm in the vertical direction and 20 nm in the horizontal direction. Because the snow crystal replica made of NOA81 is a transparent material, it is possible that the laser light may undergo interference with ambient laser light that penetrates into the replica and be reflected from the inside of the replica rather than from the surface. To eliminate the ambient laser light and improve the measurement accuracy, the surface of the replica was coated with Pt by sputtering before measurement. Figure 3 shows the temperature rise T plotted against the UV light irradiation time t for various irradiation densities. The temperature rise due to light hardening occurs soon after the onset of UV light irradiation, and the temperature rise increases with increasing irradiation time regardless of the irradiation density. The temperature stops rising when the light-hardening reaction terminates then begins to fall to a constant temperature. The thermocouple placed on the surface of the light-curing resin measures the room temperature, which fluctuates depending on the on/off state of the thermostat in the room, the surface temperature of the light-curing-resin, which is warmed by the heat generated from the UV light itself, and the temperature rise due to the light-hardening reaction; therefore, the final temperature rise does not fall to zero but to a value depending on the UV light irradiation conditions. To define an accurate finishing time for the light-hardening reaction, the temperature gradient, i.e., the temperature change per 20 s, was examined. Figure 5 shows plots of the maximum temperature rise T m against the room temperature T R for various irradiation densities. The rate of the light-hardening reaction depends on the room temperature, and a low room temperature reduces the rate of light-hardening, resulting in a decrease in the maximum temperature rise. The results shown in Fig.5 clearly demonstrate this phenomenon. Examining the effect of the irradiation density, it can be seen that a higher irradiation density results in a higher maximum temperature for a given room temperature T R .
Experimental Results
Hardening process of light-curing resin
Focusing on the maximum temperature rise at a room temperature of 0 °C, by taking into consideration the fact that snow crystals are formed at an atmospheric temperature of lower than 0 °C, it can be seen that the maximum temperature rise at an irradiation density of 1.0 mW/cm 2 is 4.2 °C.
This suggests that the temperature of the glass plate and the light-curing resin smeared on the glass plate before the collection of a snow crystal must be approximately -5 °C to prevent the snow crystal from melting when an irradiation density of 1.0 mW/cm 2 is used for snow crystal replication. The results also suggest that a temperature of -1.5 °C or lower is required when an irradiation density of 0.6 mW/cm 2 is applied. Figure 6 shows plots of the light-curing finishing time t f against the irradiation density 
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P. No light-hardening reaction occurs before the onset of UV irradiation; therefore, t f decreases in inverse proportion to the irradiation density at lower irradiation densities. No significant temperature rise occurred in some experiments carried out at irradiation densities of lower than 0.1 mW/cm 2 ; these data are not plotted in the figure. t f approaches a constant value of approximately 15 min at irradiation densities of 0.6 mW/cm 2 and above. It is desirable to select a short and constant irradiation time to complete the light-hardening process effectively. On this basis, an irradiation density of 0.6 mW/cm 2 or above is considered to be appropriate for UV light irradiation. 
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Vol. 6, No. 6, 2012 Figure 7 shows plots of the viscosity η of the light-curing resin NOA81 against the room temperature T R . The viscosity markedly increases with decreasing room temperature, and the viscosity at 0 °C is more than 170 times that at a room temperature of 25 °C, which is adopted when NOA81 is used as an adhesive resin. Figure 8 shows a LSM image and the sectional profile curve of the metal-surface roughness scale for contact probe profilometer (E-MC-S10A) (Fig.8 (a) ), and those of replicas formed at room temperatures of 20, -10, and -20 °C (Figs.8 (b)-(d) ). 
Replication Accuracy
Journal of Advanced Mechanical Design, Systems, and Manufacturing
Vol. 6, No. 6, 2012 The profile curve of the surface roughness scale is copied reversely onto the replica; therefore, the peaks and valleys of the profile curve shown in Fig.8 (a) correspond to the valleys and peaks of the profile curves shown in Figs.8 (b)-(d) , respectively.
Examining the LSM images, some craters are observed on the top surface of the replica when the room temperature is -10 °C, as shown in Fig.8 (c) . The craters increase in number and spread over entire whole top surface when the room temperature is decreased to -20 °C, as shown in Fig.8 (d) . The depths of craters are measured to be 0.15-0.65 μm. The existence of craters on the top surface of the replica means that the bottom surface of the surface roughness scale was not completely filled with the light-curing resin during the replication process owing to its high viscosity and low fluidity at subzero temperatures.
To evaluate the replication accuracy, three parameters were considered: the average pitch interval PI and the average peak-to-valley value PV, shown in Fig.8 (a) , and the resin filling rate F defined by Eq.(1).
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Here, A t is the total area of the LSM image examined and A c is the total area of the craters observed on the LSM image. Figure 9 shows plots of PI, PV, and F against the room temperature T R . The straight lines drawn in Figs.9 (a) and (b) indicate the average values of PI and PV for the surface roughness scale, respectively.
As shown in Fig.9 (a) , the maximum difference in PI between the replicated profile and the original profile, i.e., the profile of the surface roughness scale, is 0.16 μm (1.05% of the original PI) and no significant dependence of PI on T R is found.
As shown in Fig.9 (b) , the difference in PV between the replicated profile and the original profile is 0.04 μm (2.72% of the original PV) at a room temperature of 20 °C, for which the best replication accuracy was expected owing to the lowest viscosity of the light-curing resin NOA81. A possible explanation for this result is the decrease in volume of the light-curing resin after solidifying. The decrease in volume of NOA81 upon solidification is specified by the manufacturer to be 6%, giving a linear decrease of 1.82% assuming that isotropic shrinkage occurs. The reason why this calculated value is smaller than the experimental value of 2.72% is that the shrinkage along the horizontal direction was inhibited by the friction between the surface roughness scale and the light-curing resin, resulting in increased shrinkage along the vertical direction. Focusing on the effect of the room temperature, PV decreases with decreasing room temperature and is 0.08 μm less than that of the surface roughness scale.
As shown in Fig.9 (c) , F decreases markedly when the room temperature is reduced to below -10 °C. This is due to the higher viscosity, i.e., the lower fluidity, of the light-curing resin at lower temperatures, and the shortage of the light-curing resin at the bottom of the surface roughness scale results in the formation of craters on the top surface of the replica, and the decrease in PV, as shown in Fig.9 (b) .
From Fig.9 it is clarified that PV and F are affected by the room temperature and that the replication accuracy deteriorates with decreasing room temperature. However, the depth of craters at the lowest room temperature of -20 °C, at which the resin filling rate is lowest, is of sub-micron order and the change in the peak-to-valley value is less than 0.1 μm. It is also clarified that the shrinkage in the vertical direction, which affects the entire shape of the replica, is 2.7% for NOA81. Figure 10 shows an optical image of a snow crystal replica after Pt coating. The snow crystal was collected at Kamikawa town in Hokkaido at an atmospheric temperature of -12 °C. It can be seen that the snow crystal is a dendrite based on a regular hexagon with a diagonal of 1.48 mm. The LSM has the ability to record the image of a frame as digital data with 2048 values in the x-direction and 1536 values in the y-direction with profile height data of 24 bits, i.e., 1 nm per digit. The size of a pixel is calculated to be 0.689 μm in this case. The 3D profile data obtained from the LSM were input into a PC as CSV-formatted Excel data, and spike noises at the profile edges and ambient high-frequency noises were eliminated from the original data after reversing the original profile data. The size of data he 3D profile data after noise elimination were trans using free software; this format allows a maximum o ofile data after noise elimination should be compress file in the x-direction in order to process the data. The formed to STL-formatted CAD data using Google Ske data was 121 in the x-direction and 115 in the y-dire 3.78 μm. Fig.10 Optical image of a snow cry igure 11 shows the 3D CAD model of the snow c ed contour map. It was found from the contour map of the snow crystal is 58 μm and that it consists of a The core has the form of a plateau of 45 μm height au, each main branch has the form of a backbone with nd the twigs are about 10 μm high. As shown in this crystal can be visually expressed with a contour line i ncluded that the replication method using light-curing acy to reconstruct the 3D shape of a snow crystal. To evaluate the reproduction accuracy of the stereolithography process, the difference in the profile heights between the digital model and physical model was examined. Figure 13 shows sectional profile curves of the main ridge indicated by the two arrows in Fig.12. Figure 13 (a) shows the profile curve of the physical model, i.e., the stereolithograph shown in Fig.12 , and Fig.13 (b) shows the corresponding profile curve extracted from the digital model, i.e., the 3D CAD data. Examining the profile curves, it can be seen that the profiles are generally in agreement, but some of the sharp crests and shallow gorges, for example, those indicated by A, B, and C in the figure, are not reproduced in the physical model.
To measure the reproduction accuracy in a quantitative manner, the root-mean-square residual R defined by Eq. (2) is used.
2
Here, Z CADi are the profile heights in the digital model, Z RPi are the profile heights in the physical model, and N is the number of profile heights.
For our example, R is calculated to be 0.27 mm. Since the magnification of the stereolithograph is 50, this value is converted to 5.4 μm for the actual-size snow crystal replica shown in Fig.11 . The reproduction accuracy of stereolithograhy depends on the diameter of the beam spot and the controllable minimum thickness. In the experiments, a beam spot diameter of 0.7 mm was used and the thickness of each layer was set to 0.1 mm to shorten the reproduction time. The reproduction accuracy can be improved by using a smaller beam spot and a thinner layer per scan. 
Conclusions
To realize the 3D profile measurement of a snow crystal at room temperature, a method of replicating a snow crystal using a UV light-curing resin was developed. Moreover, the light-hardening process was examined for various values of atmospheric (room) temperature and UV light irradiation density. To evaluate the replication accuracy, a surface roughness scale was replicated using this method. Finally, to observe the features of the snow crystal without microscopy, the 3D reproduction of the snow crystal was conducted by stereolithography. The results are summarized as follows. 1) When the polyene/polythiol resin NOA81 was used as the replicating material, a UV light irradiation density of at least 0.6 mW/cm 2 was required to complete the light-hardening reaction within 15 min regardless of the atmospheric temperature.
2) The temperature of the light-curing resin increased owing to the light-hardening reaction, and the rate of the light-curing reaction decreases with decreasing atmospheric temperature.
3) When the atmospheric temperature was 0 °C, the maximum temperature rise was 4.2 °C at an irradiation density of 1.0 mW/cm 2 . This suggests that the temperature of the light-curing resin before the collection of a snow crystal must be approximately -5 °C when 
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Vol. 6, No. 6, 2012 an irradiation density of 1.0 mW/cm 2 is applied at an atmospheric temperature of below 0 °C. 4) The replication method had sufficient accuracy to reconstruct the 3D shape of a snow crystal.
5) The 3D reproduction of a snow crystal by stereolithography can be conducted by transforming the CSV-formatted 3D profile height data to STL-formatted CAD data, although the accuracy of reproduction depends on the stereolithography conditions.
